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The combination of photoluminescence and magneto-transport measurements is used to study the
single-particle relaxation time and the transport scattering time in short-period InGaAs/InP
superlattices. Both the single-particle relaxation times of the electrons and of the holes were obtained
in the same samples and were shown to be determined by the remote-impurity scattering. The
transport scattering time for electrons was found to be dominated by the interface-roughness scatter-
ing with lateral length K ¼ 10 nm and height D¼ 0.13 nm. We also discuss the importance of
multiple-scattering effects for small well widths and of alloy scattering for large well widths.VC 2011
American Institute of Physics. [doi:10.1063/1.3646365]
I. INTRODUCTION
Carrier momentum relaxation processes play a funda-
mental role in the determination of electronic properties of
semiconductors. Two characteristic times are distinguished
in electron systems: the transport scattering time (str) and the
quantum single-particle relaxation time (sspe).
1 The first one
is responsible for the dc conductivity. According to Ref. 2,
the second one is related to the quantum broadening of the
electron (hole) state Ce(h)¼ h/sspe(h)¼ 2pu2eðhÞNiceðhÞ, where
ue(h) is the electron (hole) scattering potential, Ni is the con-
centration of imperfections and ce(h) is the corresponding
density of states. The latter determines a vast number of dif-
ferent quantum phenomena, including space quantization
effects, magneto-resistance oscillations, quantum Hall effect,
and many others. Moreover, the single-particle relaxation
times of the electrons (sspe) and of the holes (ssph) determine
optical properties of semiconductors. According to Ref. 3,
the relaxation time so, which accounts for optical processes,
is defined as
h
so
¼ 2pðue  uhÞ2Nic; (1)
where c is the density of available states. A similar formula
was also obtained for the exciton linewidth in the case of
alloy scattering in Ref. 4.
The single-particle relaxation time and the transport scat-
tering time for different scattering mechanisms, such as
charged-impurity scattering, interface-roughness (IR) scatter-
ing, and alloy-disorder (AD) scattering have been studied for
GaAs/AlGaAs heterostructures in Refs. 5 and 6. Thus, a com-
bination of the transport and optical measurements allows the
determination of the complete set of the relaxation times. In
the present work, we perform such a study of the electron and
hole relaxation times in short-period (In0.53Ga0.47As)m(InP)n
superlattices (SL’s), where the conductivity (and conse-
quently, the transport scattering time) was shown to be domi-
nated by IR scattering.7 In contrast, we demonstrate that the
single-particle relaxation time for electrons and holes are
defined by the remote charge-impurity (RI) scattering.
The article is organized as follows: In Sec. II, we report
on the sample structure and the experimental methods. The
experimental data are presented in Sec. III. The data are dis-
cussed in Sec. IV in connection with different scattering
mechanisms. Interface-roughness parameters are evaluated
in Sec. V. Our conclusions are given in Sec. VI.
II. SAMPLES AND METHODS
The samples were grown by molecular beam epitaxy on
semi-insulating (001) InP and consisted of SL’s with 30 peri-
ods of lattice-matched (In0.53Ga0.47As)m(InP)n with m,
n¼ (625) ML, where m and n represent the thickness of
the layers expressed in monolayers (1 ML¼ 2.9 A˚). Most
results are given for SL’s with m¼ n. In order to determine
the lateral length of the interface roughness, a set of five
(In0.53Ga0.47As)15(InP)25 SL’s doped in the broad range of
2.5 10168 1018 cm–3 was grown. The barriers of the
SL’s were doped by Si, in order to form a gas of degenerate
electrons with the density (25) 1017 cm–3. The mobility
measurements were performed on samples patterned into
Hall bars with an active area of 2 5 mm2. The Ohmic con-
tacts were fabricated by depositing indium. The transport
measurements parallel to the surface of the samples were
carried out at T¼ 4.2 K using a standard low-frequency
(1 Hz) lock-in technique in a liquid He cryostat. The photo-
luminescence (PL) measurements were carried out with a
Jobin-Yvon TRIAX-190 spectrometer. The 514.5 nm line of
an Arþ laser was used for excitation. The samples were
cooled down to T¼ 10 K in a Janis closed cycle optical
cryostat.
a)Author to whom correspondence should be addressed. Electronic mail:
pusep@if.sc.usp.br.
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III. EXPERIMENTAL RESULTS
The PL spectra measured in SL’s with different periods
(mþ n) are shown in Fig. 1. The asymmetry of the observed
PL is due to the Moss-Burstein effect. The position of the
Fermi energy is shown for the SL’s with m¼ n¼ 6. The
shape of the low-energy region is due to the defect structure
of the band edge. The corresponding PL intensity, shown as
dashed lines in Fig. 1 versus energy hx, was obtained
according to3
IðxÞ ¼ I0ðxÞ 1
2
þ 1
p
arctan
2sodX
h
  
; (2)
where I0(x) is the PL intensity at the band edge taken in the
Gaussian form, dX¼ hx – 2EF, with EF being the Fermi
energy.
The PL peak energies and the optical broadenings h/so
obtained by the best fits of the calculated PL intensities to
the experimental spectra are depicted in Fig. 2(a) and
Fig. 2(b), respectively. The gap energy variation due to the
confinement was calculated according to the effective mass
approximation and is shown by the dash line. The calcula-
tions were performed with the parameters taken from Ref. 8.
The red-shift of the experimental data compared to the
theory found at small well widths is attributed to the local-
ized states below and above the conduction and valence
bands. The variation of the optical broadening was found to
be inversely proportional to the well width (WW) L, as
shown in Fig. 2(b). Such a dependence for quantum wells is
expected for alloy scattering and RI scattering.5 In the fol-
lowing, we will present arguments for the importance of RI
scattering present in our samples. It is worth mentioning that
the determination of the hole scattering potential
uh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h=ssph
p
by means of Eqs. (1) and (2) is an indirect
procedure. Therefore, an evaluation of the experimental ac-
curacy is not straightforward. The absolute value of the hole
scattering potential depends on the accuracy in determination
of the electron single-particle time (electron scattering poten-
tial) by magneto-transport measurements, which is estimated
within 10%, and on the accuracy in determination of the
electron and hole effective masses available in the literature.
The single-particle relaxation times for electrons sspe
versus well width with m¼ n as shown in Fig. 3(a) were
obtained in (In0.53Ga0.47As)m(InP)m SL’s by magneto-
resistance oscillations, as demonstrated for the SL’s with
m¼ 6 ML in the inset to Fig. 3(a). Figure 3(a) indicates a lin-
ear dependence of the single-particle relaxation time for
electrons on well width, L. The single-particle relaxation
time of holes ssph is extracted from Eq. (1) with the values of
so and sspe determined by PL and magneto-resistance oscilla-
tions, respectively. h/ssph obtained in this way is shown in
Fig. 3(b) as a function of well width. For holes, the same de-
pendence on well width as for electrons is expected. This
indeed is observed. The large ratio of the hole to electron
effective mass of approximately 57, according to Refs. 8
and 9, implies (in a one-particle picture) a larger difference
in the broadening energies h/sspe and h/ssph than observed in
the experimental results of Figs. 3(a) and 3(b). The smaller
difference in the broadening energies may be caused by
screening effects. The estimation of the broadening energies
using the corresponding effective masses, based on a one-
particle approximation, may fail in heavily doped samples.
Then, the screening of electrons and holes might lead to a
more complex proportion between their masses and, as a
consequence, to an additional difference between the elec-
tron and hole scattering potentials (broadening energies).
IV. DISCUSSION
Remote-impurity scattering from the donors located in
the InP barriers is important for the InGaAs/InP SL’s,
FIG. 1. Photoluminescence spectra (solid lines) vs energy measured in
superlattices (In0.53Ga0.47As)m(InP)m with different periods at T¼ 10 K. The
dash lines are the spectra calculated according to Eq. (2) as functions of the
energy hx.
FIG. 2. Photoluminescence peak position (a) and optical broadening (b) meas-
ured as a function of the well width in superlattices (In0.53Ga0.47As)m(InP)m.
The dash line shows the calculated variation of the gap energy, while the solid
line demonstrates the optical broadening calculated according to Ref. 4.
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because these donors are the source of the electron density in
the quantum well. The distance between the doping charge
and the two-dimensional electron gas increases with increas-
ing well width m and barrier width n and, therefore, the
single-particle relaxation time increases with increasing WW.
The single-particle relaxation time, measured in the present
paper, and the transport scattering time obtained in Ref. 7 for
electrons are compared in Fig. 4. The observed single-particle
relaxation time is proportional to the well width, and we argue
that the scattering mechanism is RI scattering, due to the dop-
ing profile. On the other hand, we see in Fig. 4 that the trans-
port scattering time varies strongly with the WW. The IR
scattering with stre ! L
6 (Ref. 6) (dotted line in Fig. 4)
accounts for the transport scattering time when 10
ML< L< 15 ML.7 For RI scattering, one expects in theory
stre/sspe  1, and RI scattering is not relevant for the transport
scattering time. However, the single-particle relaxation time is
determined by RI. That is why one finds stre/sspe! L
5. Simi-
lar results were found in GaAs/AlGaAs multiple quantum
wells in Ref. 10, where the single-particle relaxation time and
the transport scattering time were observed with stre/sspe> 1.
This also is the case in our measurements when L> 12 ML.
However, for L< 12 ML, the ratio becomes smaller than 1, as
shown in Fig. 4. This result is very interesting and is discussed
in the following.
At small well widths L< 5 ML, a metal-insulator
transition due to multiple-scattering effects is expected.6
We believe that finite temperature effects are responsible for
the fact that this metal-insulator transition, where the trans-
port scattering time at zero temperature must go to zero at a
critical finite WW, is not seen in the transport scattering time
(see Fig. 4 for small WW). It is known that multiple-
scattering effects strongly influence the transport scattering
time, while the single-particle relaxation time is not very
sensitive to multiple-scattering effects. It was shown in
Ref. 5 that multiple scattering considerably decreases the ra-
tio between the transport time and the single-particle time
stre/sspe and, at the metal-insulator transition, this ratio goes
to zero. Such a behavior with 0.3< stre/sspe< 1.1 was found
before in the two-dimensional electron gas at the surface of
Si (111) at low electron density, with a tendency to become
small near the metal-insulator transition.11 In our SL’s with
L< 10 ML, the ratio is stre/sspe  0.1–0.25, which is much
smaller than the smallest ratio 1.0 predicted by the lowest-
order theory (neglecting multiple-scattering effects) for RI
scattering1 and the smallest ratio 0.7 for IR scattering.5 We
claim that this small ratio proves the presence of multiple-
scattering effects in short-period InGaAs/InP SL’s. This
conclusion is supported by the resistances measured as a
function of the temperature. The activation type temperature
dependence of the resistance measured in the ultra-short pe-
riod SL’s (shown for one of them in bottom inset to Fig. 4)
indicates localization of carriers, while the metallic type
resistance (top inset to Fig. 4) was observed in the SL’s with
a larger WW.
FIG. 3. (a) Inverse single-particle relaxation time for electrons (sspe) vs well
width measured at T¼ 4.2 K by magnetoresistance oscillations (shown for
the sample with m¼ 6 ML in the inset) in superlattices (In0.53Ga0.47As)m
(InP)m with different well widths m. (b) Inverse single-particle relaxation
time for holes (ssph) extracted from Eq. (1) and Eq. (2) vs well width. The
solid lines indicate the 1/L dependence.
FIG. 4. Inverse single-particle relaxation time (closed circles) and inverse
transport scattering time (open circles) of electrons obtained in superlattices
(In0.53Ga0.47As)m (InP)m with different well widths m. Insets show the tem-
perature dependencies of resistances measured in superlattices with m¼ 7
ML and m¼ 25 ML. Solid (h/stre 1/L) and dotted (h/stre 1/L6) lines rep-
resent remote impurity (RI) scattering and interface roughness (IR) scatter-
ing, respectively. The dash line was calculated for the interface-roughness
scattering, including finite confinement and multiple scattering effects. All
data were determined at a temperature of T¼ 4.2 K.
073706-3 Pusep et al. J. Appl. Phys. 110, 073706 (2011)
Downloaded 08 Nov 2011 to 143.107.180.158. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
The experimental results depicted in Fig. 4 show devia-
tions from the 1/L6 law for a well width larger than 16 ML.
The origin of these deviations could be finite confinement
effects which, as will be discussed later, make the width de-
pendence weaker and/or the transition to another scattering
mechanism, such as RI scattering or AD scattering. It was
predicted by theory that for WW larger than 21 ML a transi-
tion from IR scattering with 1/L6 to AD scattering with 1/L
occurs.12 Our experimental results are in disagreement with
this prediction (see Fig. 4), and we expect that this transition
occurs at much larger WW. RI scattering could become im-
portant for the transport scattering time for L> 18 ML if AD
scattering can be neglected. This depends on the numerical
value of the fluctuating alloy potential. Below, we argue that
AD scattering is irrelevant for the samples studied here.
However, we stress that the single-particle relaxation time
for large WW is still given by RI scattering.
In the literature, the importance of AD scattering in
InGaAs/InP quantum wells already was estimated from
transport data. For instance, in Refs. 13 and 14, it was argued
for a WW of 9 nm that sspe ’ 10 ps ðh=sspe ’ 0:07 meVÞ.
Therefore, we claim that AD is irrelevant for our samples.
However, in a recent paper using an InGaAs/InAlAs
quantum well with a WW of 20 nm, it was estimated that stre
’ 0.45 ps, (h/stre ’ 1.5 meV).15 It was argued that AD scat-
tering is responsible for this small scattering time. From this
number, we conclude that, for a WW of 9 nm, the limit for
AD scattering is stre ’ 0.20 ps. The ratio of these two esti-
mations of AD scattering is 50. This clearly shows that, in
InGaAs quantum wells, the importance of AD scattering is
still under discussion. However, we believe that the mobility
seen by Ref. 15 is not determined by AD: they find stre/sspe
 1.2, while for AD, a ratio stre/sspe  0.7 is expected. Our
data on the transport scattering time does not support the
claim of Ref. 15. We believe that the scattering times in the
samples of Ref. 15 are determined by charged impurity
located in the quantum well.
Our results are qualitatively very similar to the results
reported in Refs. 13 and 14. There, the transport scattering
time was determined by AD scattering and the single-
particle relaxation time by RI scattering. In our quantum
wells with much smaller WW and much lower mobility, the
transport scattering time is determined by IR scattering, and
AD scattering is negligible. The single-particle relaxation
time is determined by RI scattering. However, we predict
that, for SL’s with WW L> 35 ML, the effects of AD and/or
RI become dominant for the transport scattering time, while
IR scattering will be negligible.
The metal-insulator transition induced by the IR scatter-
ing was theoretically predicted in Ref. 6 and observed in ultra-
short period GaAs/AlGaAs SL’s in Ref. 16. The data pre-
sented in Ref. 7 showed evidence of the insulating phase at
well thicknesses smaller than 20 ML and 6 ML for the GaAs/
AlGaAs and InGaAs/InP SL’s, respectively. This is in reason-
able agreement with the theory.6 We mention that a metal-
insulator transition induced by IR scattering was also found in
SiGe/Si quantum wells.17 High-mobility In0.75Ga0.25As quan-
tum wells of WW L¼ 30 nm with a peak mobility of
2.2 105 cm2/Vs also showed a metal-insulator transition.18
However this metal-insulator transition at low electron density
was induced by charged-impurity scattering, while the mobil-
ity at high electron density was determined by AD. The high-
est mobility in our samples (L¼ 25 ML) is a factor 5 smaller
than the mobility of the sample used in Ref. 18. This again
shows that AD scattering is not yet relevant in our samples.
V. SCATTERING PARAMETERS
The medium-range character of the IR scattering in quan-
tum wells manifests itself in an increasing mobility with
increasing electron concentration.19 This is shown in Fig. 5
for InGaAs/InP quantum wells. According to the calculated
energy structure of the studied SL’s (depicted in the inset to
Fig. 5), the occupation of the second miniband begins at an
electron concentration above 1018 cm–3 (when the Fermi
energy EF>E2, with E2 being the energy corresponding to
the bottom of the second miniband). From our data in Fig. 5,
we conclude that, when the second miniband becomes occu-
pied, the mobility again decreases with increasing density.
Using a model with infinite confinement, IR scattering is para-
meterized by the width-fluctuations length D0 and the in-plane
correlation length K. For the mobility versus electron density,
a minimum at the density N* is expected for IR scattering.
This minimum is characterized by the two-dimensional elec-
tron density N2D ¼ 0.046/K2,19 which corresponds to
kFK¼ 0.54, where kF is the Fermi wave number correspond-
ing to the electron density N2D. With N¼ 1 1017 cm–3 as the
density of the minimum mobility (see Fig. 5) and with the
quantum well width L¼ 15 ML, we deduce the two-
dimensional electron density N2D¼NL¼ 4.4 1010 cm–2.
With N2D ¼ 4.4 1010 cm–2, we obtain K¼ 10.2 nm. For typ-
ical electron densities in the SL’s studied here with N 
2 1017 cm–3, we obtain kF K  0.76, which means that the
IR is medium-ranged and the mobility increases with increas-
ing density. The value obtained for K¼ 10 nm is large, but in
agreement with the estimates made before in Ref. 16.
From the uncertainty in N2D, which defines the mini-
mum mobility in Fig. 5, we estimate that 8 nm<K< 12 nm.
This estimation is in agreement with values obtained by
cross-sectional scanning tunneling spectroscopy of InGaAs/
InP multiple quantum wells of L¼ 10 nm.20 It should be
FIG. 5. Mobility measured at T¼ 4.2 K in differently doped superlattices
(In0.53Ga0.47As)15 (InP)25 as a function of the electron concentration. The
arrow indicates the electron concentration when the Fermi level enters the
second miniband. The inset shows the superlattice miniband structure.
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mentioned that, in our experiments, we cannot distinguish
between the normal and inverted interfaces, as has been done
in Ref. 20. Therefore, in our calculation, we assume that
both interfaces (normal and inverted) are parameterized by
the same interface-roughness parameters.
The original calculation of IR scattering was made for
quantum wells with infinite confinement.6 In this case, IR
scattering is strongest and the Fourier transform of the scat-
tering potential is proportional to (D0K)2exp( q2K2
4
)/L6,
where q is the change in the electron wavenumber. Finite
confinement effects reduce IR scattering, because the wave
function can penetrate the barrier. Finite-confinement effects
are important in InGaAs/InP quantum wells.13,14 Finite con-
finement effects for IR scattering were calculated in Ref. 21
and result in a reduction of the scattering potential, espe-
cially for small WW. Finite width effects are described by an
additional form factor F1(V,L) in the scattering potential,
with V as an effective barrier height. F1(V,L) decreases with
decreasing well width, which means that finite confinement
effects are small for large well width (small penetration
effects) and become very large at small well width (large
penetration effects). The scattering potential is proportional
to [DKF1(V,L)]
2exp( q2K2
4
)/L6.21 The numerical value of
F1(V,L) was estimated in Ref. 13 for V¼ 0.3 eV and L¼ 9
nm as F1(0.3 eV, 9 nm)¼ 0.4. In a quantum well with L¼ 8
ML, we get F1(0.3 eV, 2.3 nm)¼ 0.06 (see Fig. 3(a) in
Ref. 21). We stress that, for mobility versus density data (see
Fig. 5), the finite-confinement effects can be treated as an
effective parameter D0 ¼DF1(V, L) with infinite confinement.
Because of F1(V, L)< 1, one gets D0<D if confinement
effects are small and D0  D if confinement effects are
strong. Due to the form of the scattering potential, it is clear
that our determination of K ’ 10 nm is still valid when
finite-confinement effects are taken into account.
Before, we found, for the IR parameter, the value K ’
10 nm. Which value for D will we obtain when confine-
ment effects are taken into account, applying the relation
D0 ¼DF1(V, L)? We have estimated D from the mobility
data7 using K¼ 10 nm. Assuming infinite confinement, for
L¼ 4 nm, we get D0 ¼ 0.02 nm. With F1(0.3 eV, 4
nm)¼ 0.15, this results in D¼ 0.13 nm when finite confine-
ment effects are taken into account. This corresponds to a
width fluctuation of about 6ML/2. We note that, in our
model, IR scattering occurs at each interface. We can
describe all the data of the transport scattering time shown
in Fig. 4 for 6 ML<L< 25 ML by IR scattering if finite-
confinement effects and multiple-scattering effects are
taken into account. This is shown in Fig. 4 by the dash line.
Note, however, that the electron density dependence is not
taken into account in the calculation, and only the form
factor F1(0.3 eV, L)
2/L6 of the random potential for IR
scattering for the transport scattering time in lowest order
and multiple-scattering effects were considered. In general,
such multiple scattering effects increase the effects of dis-
order and lead, for infinite confinement, to a metal-
insulator transition and an insulating phase in very thin
quantum wells.6 With finite confinement effects taken into
account, the occurrence of such a metal-insulator transition
has not yet been studied in theory. But it is clear from our
results that transport properties of thin quantum wells with
strong disorder is an important issue in theory and in
experiment.
We conclude that neglecting finite-confinement effects
leads to unlikely smooth interfaces with D0 ¼ 0.02 nm. We
mention that the mobility values in Fig. 5 for SL’s with
m¼ 15 and n¼ 25 are smaller than the corresponding mobil-
ity values in Fig. 4 for SL’s with m¼ n. In part, this differ-
ence is caused by effective mass effects, due to the different
ratio of n/m of the two SL’s.22 In order to account for the
data obtained in the samples presented in Fig. 5, the width-
fluctuation parameter of the IR scattering might be somewhat
larger. We estimate D¼ 0.3 nm when neglecting all effective
mass effects. Interface-roughness parameters also have been
determined by atomic force microscopy.23,24 However, a
very large length scale of about 500 nm (900 nm in one
direction and 280 nm in the other direction) has been identi-
fied as the lateral length parameter, and 3 nm was reported
for the width fluctuation parameter. It is well known that
such a large length of 500 nm cannot give a contribution to
the inverse scattering time because of kF K  1.19 In order
to determine the IR parameter K relevant for the mobility, a
much shorter length must be identified by atomic force mi-
croscopy. It seems that this is presently not possible. The
results for IR scattering given in the present paper clearly
show that such a length scale K¼ 10 nm exists in InGaAs
quantum wells.
It is clear that finite-confinement effects lead to an
increase of the scattering times. A considerable reduction
of the inverse transport scattering time, as compared to the
1/L6 law obtained for infinite confinement, is observed for
L< 9 ML (see Fig. 4). One needs more data for thin quan-
tum wells in order to make a detailed comparison with the
theory21 worthwhile. We claim that finite-confinement
effects also reduce IR scattering in ultrathin GaInP/GaAs/
GaInP quantum wells with L¼ 2 nm.25 We believe that the
surprisingly high mobility found there in experiment and
explained by extremely smooth interfaces is the result of
reduced IR scattering due to finite-confinement effects, as
predicted in Ref. 21.
VI. CONCLUSION
The single-particle relaxation times for electrons and
holes were investigated in short-period InGaAs/InP SL’s by
PL and magneto-transport measurements and compared to
the transport scattering time. It was shown that interface-
roughness scattering and remote-impurity scattering funda-
mentally contribute to the relaxation times. The single-
particle relaxation time is dominated by remote-impurity
scattering, while the transport scattering time is dominated
by interface-roughness scattering.
Multiple-scattering effects are shown to be important for
the transport scattering time in ultra-short period SL’s.
Lowest-order processes determine both relaxation times in
short-period SL’s. The importance of finite confinement
effects and multiple-scattering effects for interface-
roughness scattering was demonstrated, and the microscopic
parameters of this scattering mechanism were determined.
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